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INTRODUCTION
Chromatin modifications play critical roles in the regulation of gene expression, three-dimensional organization of genomic DNA, recombination, and DNA repair. There are a number of distinct chromatin modifications and they vary substantially in their effects and stability. Some chromatin modifications, such as DNA methylation, are relatively stable and heritable. Other chromatin modifications, such as histone acetylation or phosphorylation, are quite labile and may provide important transient functions. The potential for chromatin modifications to provide information beyond the primary sequence of DNA has led to the use of the term "epigenome" to describe the genome-wide pattern of particular chromatin modifications despite the fact that specific modifications have varying stability.
Chromatin modifications influence gene expression during development and in response to environmental cues. In some cases, chromatin modifiers are likely to be recruited to achieve and stabilize alterations in transcription. Several recent reviews have provided excellent summaries of these activities and point toward the conservation of these pathways among flowering plants (Baulcombe and Dean, 2014; Bond and Baulcombe, 2014; Pikaard and Mittelsten Scheid, 2014; Probst and Mittelsten Scheid, 2015; Vriet et al., 2015; Xiao and Wagner, 2015) . In this Review, we focus on aspects of chromatin regulation that might be variable or drive variation among closely related species. In particular, we focus on the interaction of chromatin modifications with transposable elements (TEs) and the changes in chromatin following polyploidy events in plants with complex genomes.
Much of what is known about the role of chromatin in plants is based on studies of the model plant Arabidopsis thaliana, which has a relatively compact genome. However, as we attempt to translate this knowledge to crop species, we are faced with genomes that are much larger and more complex. A visual examination of one megabase from Arabidopsis and maize (Zea mays) reveals striking difference in genome organization and epigenome patterns ( Figure  1 ). Maize has much lower gene density and there is an abundance of transposons surrounding genes (Schnable et al., 2009 ). The presence of CHG (H = A, C, or T) methylation and H3K9me2 are often associated with TE-associated heterochromatin, and these marks are prevalent in maize. In contrast, these marks are restricted in Arabidopsis (Figure 1 ). In addition, the profile of CHH methylation, often associated with RNA-directed DNA methylation, is quite different in the two species. Most regions with CHG methylation also contain high CHH methylation in Arabidopsis, but in maize, CHH methylation is only observed at a small number of regions and many of these are located near genes (Gent et al., 2013 (Gent et al., , 2014 . The above example of maize and Arabidopsis simply exhibits differences in two species. A growing set of chromatin profiles in crop species reveals more interesting patterns of heterochromatin and a variety of ways that the epigenome is used to organize complex genome structures He et al., 2010; Gent et al., 2013; Makarevitch et al., 2013; Regulski et al., 2013; Schmitz et al., 2013; Zhong et al., 2013; Baker et al., 2015; Kim et al., 2015) . Much of the variation among species in genome size and complexity is attributable to two factors: bursts of TEs and/or whole-genome duplications (WGDs). These changes in genome structure create the potential for varying roles of chromatin to organize the information in the genome and allow continued expression of required genes.
TRANSPOSON-GENOME INTERACTIONS Transposon Bursts and Genome Turnover
Even though there is marked conservation of gene order and sequences in related plant species (Devos, 2005) , the portion of the genome derived from transposons is often completely distinct. For example, maize and oat (Avena sativa) are related closely enough to allow for introgressions of maize chromosomes following interspecies hybridization (Riera-Lizarazu et al., 1996) . However, fluorescence in situ hybridization with maize repetitive elements provides evidence that oat TEs are entirely distinct from maize TEs. Similarly, analyses of Arabidopsis lyrata and Arabidopsis alpina, two close relatives of A. thaliana, demonstrate that TE families, TE abundance, and local TE contents are dramatically different (Willing et al., 2015) . This suggests that extant plant genomes are survivors of independent "blooms" of TE activity followed by epigenetic silencing and/or deletion (Lim et al., 2007) . Plant genomes are, then, remarkably dynamic structures that manage to maintain their essential functions over hundreds of millions of years. In this Review, we will discuss in more detail the ways in which these contrasting forces may have influenced the evolution of gene function in plants.
Initiating TE Activity
Although there is clear evidence for periodic blooms of TE activity, we actually know very little about what initiates them in natural populations. Horizontal transfer plays an important role in this process in animals (Daniels et al., 1990; Gilbert et al., 2012; Syvanen, 2012) and possibly in plants (Diao et al., 2006; Schaack et al., 2010; El Baidouri et al., 2014) . However, it also appears that TE amplification can occur in the absence of horizontal transfer (Piegu et al., 2006; Ungerer et al., 2006; Deininger, 2011; Estep et al., 2013) and horizontal transfer can occur without subsequent TE amplification (Diao et al., 2006) . It has also been suggested that wide hybridization and subsequent WGD may play a role in TE amplification (Ungerer et al., 2006; Petit et al., 2010; Madlung and Wendel, 2013; Senerchia et al., 2015) . Other potentially important factors include abiotic stresses (Kalendar et al., 2000; Ito et al., 2011; Grandbastien, 2015) , viral infection (Wieczorek and Obrę palska-Stę plowska, 2015) , and chromosomal breaks (McClintock, 1950) . Since tissue culture is also frequently associated with TE activation, natural conditions that mimic that condition might also be expected to be a factor (Hirochika et al., 1996; Huang et al., 2009; Zhang et al., 2014) . However, with respect to all of these influences, it should be emphasized that TE blooms can last for hundreds of thousands of years, suggesting that factors contributing to the persistence of those blooms represent chronic rather than acute triggers for activity.
Mutants that compromise the efficiency of silencing pathways can result in global activation of TEs (Lippman et al., 2003; Kato et al., 2004) . Interestingly, in at least one case it appears that longterm amplification of TEs is associated with a naturally occurring reduction in the efficiency of symmetric DNA methylation (Willing et al., 2015) . Similarly, gymnosperms such as Norway spruce (Picea abies) show evidence for both long-term and gradual increases in TE copy number and a reduced quantity of small RNAs associated with TE silencing (Nystedt et al., 2013) .
Selection at the level of individual TEs may also be an important variable (Lisch and Slotkin, 2011) . For example, the ONSEN retrotransposon promoter lacks CG and CHG sites, which may limit the ability of the host to stably silence this element via DNA methylation (Cavrak et al., 2014) . Similarly, many MITE transposons are exceptionally AT-rich and sometimes prefer to insert into AT-rich regions (Le et al., 2000; Naito et al., 2009) . Furthermore, at least some TEs are competent to combat silencing by inactivating systems that have evolved to recognize them (Fu et al., 2013; McCue et al., 2013) .
Finally, it is worth considering variation in selection against TE proliferation at the level of the host. TE proliferation represents a balance between selection at the level of the gene and selection at the level of the host (Le Rouzic et al., 2007) . Effective population size, mating systems, drift, and cell cycle rates all play a role in the degree to which selection acts (or fails to act) to prevent TE amplification (Whitney et al., 2010) .
Arresting TE Activity
The daunting task faced by any host is to recognize and heritably silence TEs while avoiding "off-target" effects on legitimate genes. TEs are remarkably diverse, and it is unlikely that any single pathway can account for all instances of silencing. However, the available evidence suggests that most active TEs are eventually recognized and successfully silenced, and the key variable appears to be the presence of aberrant transcripts. Some active TEs are likely to produce transcripts that are intrinsically distinct from those produced by host genes. This appears to be case for the retrotransposon Evade (Marí- Ordóñez et al., 2013) . In this case, although low levels of element transcripts are insufficient to trigger silencing, higher levels of expression associated with high copy number eventually cause RDR6-dependent production of small RNAs that can trigger heritable silencing of the elements. Similar observations have been made for reactivated Athila retroelements, whose resilencing requires RDR6 as well as AGO6 and is associated with 21-to 22-nucleotide small RNAs derived from transcripts produced by the active elements (McCue et al., 2015) . Finally, rearranged versions of TEs can also trigger silencing, as is the case for Mu killer, a variant of the MuDR transposon that expresses a hairpin transcript that triggers stable and heritable silencing of one or many MuDR elements (Slotkin et al., 2003; Slotkin et al., 2005; Li et al., 2010) . As the copy number of any given element increases, it would seem increasingly likely that that this TE will be recognized and heritably silenced, either due to increases in intrinsically produced triggers (Marí-Ordóñez et al., 2013) or due to the production of a single variant that triggers silencing of all of the active elements (Slotkin et al., 2005) . Once silenced, it is hypothesized that these elements are maintained in that state via heritably propagated DNA methylation and histone modifications, as well as tissue-specific reinforcement via transacting small RNAs (Slotkin et al., 2009; Creasey et al., 2014; Kim and Zilberman, 2014; Sigman and Slotkin, 2016) .
Due to the complexity of the population of TEs in any given genome as well as an ongoing competition between TEs and their hosts, it is quite possible that the initiation of TE silencing in any given plant will be the result of a wide variety of triggers. These could include small quantities of small RNAs produced by elements themselves whose titer reaches some threshold as copy numbers increase (Marí-Ordóñez et al., 2013) , preexisting pools of trans-acting small RNAs derived from previously silenced elements (Bousios et al., 2016) , novel sense-antisense transcript combinations due to nested insertions (Lisch and Slotkin, 2011) , or novel rearrangements such as is observed with Mu killer. There is also evidence for variation in chromatin marks at TEs of differing lengths (Zemach et al., 2013) or differing families (Eichten et al., 2012; Wang et al., 2015) .
Living with a New Genome Structure
The proliferation and subsequent silencing of a TE family will result in a reshaped genome. There could be a number of new heterochromatin-euchromatin boundaries potentially changing the chromatin "neighborhood" for many genes and creating the opportunity for TE-associated chromatin to influence nearby genes ( Figure 2 ). Even within species there is evidence for major differences in TE content among distinct haplotypes (Fu and Dooner, 2002; Wang and Dooner, 2006) . The complex patchwork of euchromatin and heterochromatin (visualized in Figure 1 ) must be relatively stable to allow for normal gene function and plant species have likely evolved mechanisms to preserve gene function even when being closely associated with TEs. In this section, we will consider the interactions of genes and TEs both in terms of how chromatin variation at these TEs may influence gene expression and how gene expression may influence the TE chromatin.
Immediately following the proliferation of a TE family, it is expected to generate substantial allelic diversity for specific insertions among different individuals in a population. The specific signals that trigger TE silencing will also likely segregate in the population; therefore, some TE insertions will be exposed to this signal in trans while others will not. This will result in potential epiallelic variation where TEs are silenced in some individuals but remain active in other individuals, which will create the potential for TEs near genes to have varying effects on the expression of nearby genes. Selection upon both genetic variation (TE presence/absence) and epigenetic variation (TE chromatin state) at each site is expected to shape the allele frequency and chromatin state at TEs in subsequent populations. TEs can influence genes through a variety of mechanisms (Lisch, 2013;  Figure 2 ). Oliver et al. (2013) reviewed a number of examples in which TEs influence genes and plant phenotypes. In many cases these may have relatively simple genetic mechanisms of creating loss-of-function alleles or interfering with cis-regulatory elements. However, there are also examples in which the chromatin state at the transposon influences the expression level of the nearby genes. The expression of the FWA gene in Arabidopsis is influenced by the DNA methylation level for a SINE element located around the transcriptional start site (Soppe et al., 2000; Kinoshita et al., 2004) . A recent study documented that tissue culture in oil palm (Elaeis guineensis) induces alterations in the DNA methylation level of a retrotransposon inserted within an intron of the DEFICIENS gene, which were associated with proper splicing and termination patterns for this gene (Ong-Abdullah et al., 2015) . The BNS locus in Arabidopsis (Saze and Kakutani, 2007) , the FAE1 locus in Sinapis alba (Zeng and Cheng, 2014) , and the CmWIP1 locus in melon (Cucumis melo; Martin et al., 2009) provide additional examples in which the chromatin state at a TE is linked to expression of a nearby gene. It is likely that the influence of TE chromatin state on nearby genes has been underestimated due to the difficulties in analyzing chromatin state at highly repetitive sequences. The handful of known examples was identified by careful genetic analysis of phenotypic variation followed by locus-specific The organization of genes (green) and TEs (pink) is shown for portions of the maize and Arabidopsis genomes (annotations from TAIR10 [ftp://ftp.arabidopsis. org/home/tair/Genes/TAIR10_genome_release/] and maize RefGen2.0 [ftp://ftp.gramene.org/pub/gramene/maizesequence.org/release-5b/]). The relative abundance of three chromatin modifications, CHG DNA methylation (red), CHH DNA methylation (black), and H3K9me2 methylation (blue), are also shown (primary maize data are from West et al. [2014] , Arabidopsis DNA methylation is from Schmitz et al. [2011] , and H3K9me2 data are from Stroud et al. [2014] ). Whereas Arabidopsis is quite gene rich and only has limited regions with CHG or H3K9me2, maize has fewer genes and the majority of the genome is decorated with CHG methylation and H3K9me2. While CHG and CHH often occur together in Arabidopsis, CHG and H3K9me2 are closely related in maize, and there are limited regions with high CHH in maize, most of which is close to genes. examination of chromatin. There are additional examples in which TE insertions have been shown to influence gene expression and are heavily methylated (Xiao et al., 2008; Studer et al., 2011; Butelli et al., 2012; Castelletti et al., 2014) , but in these examples, it is not clear whether the chromatin state itself is important for the altered phenotype.
One mechanism by which TE chromatin could influence nearby genes would be through the spreading of silencing marks from the TE to flanking low-copy or genic sequences (Figure 2 ). Genomic analyses of Arabidopsis provided evidence for an evolutionary trade-off between silencing of transposons and maintaining expression for nearby genes (Hollister and Gaut, 2009; Diez et al., 2014) . There is evidence for spreading of DNA methylation from transposons to adjacent sequences in Arabidopsis (Ahmed et al., 2011) and maize (Eichten et al., 2012) . This effect has not been observed for all transposon families, and the spreading distance seems to have limited range (;500 bp to 1 kb). The spreading of heterochromatin from TEs to adjacent sequences could interfere with cis-regulatory elements and/or promoters and result in altered expression. The analysis of DNA methylation in several genotypes of maize identified a number of differentially methylated regions that occur at the edge of methylated-unmethylated boundaries, providing evidence for the variable spreading among haplotypes (Li et al., 2015a ). An alternative mechanism by which TE chromatin might influence gene expression could be through alterations in the TE chromatin itself. Epiallelic variation for chromatin within a transposon could result in changes in outward reading promoters within the transposon or alter access to cis-regulatory information within the TE itself (Barkan and Martienssen, 1991 ; Figure 2 ). There are examples of tissue-specific or stress-responsive expression patterns for alleles containing TE insertions providing evidence for cis-regulatory information (Selinger and Chandler, 2001; Naito et al., 2009; Ito et al., 2011; Butelli et al., 2012; Makarevitch et al., 2015) While many of the analyses on TE-gene relationships have focused on how TE chromatin influences genes, there is recent evidence suggesting that chromatin plays important roles in mediating the influence of genes on nearby TEs as well. The total portion of methylated DNA seems to be associated with genome size (Mirouze and Vitte, 2014) , largely due to the fact that TEs driving genome size increases are highly methylated. Interestingly, the level of CHH methylation does not seem to scale with genome size. For example, maize has lower total levels of CHH methylation than Arabidopsis despite having a genome that is >15-fold larger (West et al., 2014) . Gent et al. (2013) noted that regions of high CHH methylation, termed "CHH islands" were often found near highly expressed genes. The majority of the (E) The loss of heterochromatic modification within the TE could expose cis-regulatory that would then alter expression of a nearby gene. The loss of heterochromatic chromatin modifications in the TE could be a stochastic effect or could be due to spreading of euchromatin from a highly active nearby gene.
"heterochromatic" portion of the maize genome, defined by H3K9me2 and CHG methylation, contains very little CHH methylation (Figure 1 ). The CHH methylation region is more often found at the borders between heterochromatin and euchromatin that occur near genes or conserved noncoding sequences (Gent et al., 2014; Li et al., 2015c) . The analyses of mutants that affect CHH methylation suggest that the function of these CHH islands is to protect/ensure the silencing of TEs from the open chromatin of nearby genes. Similar findings have been reported for changes in DNA methylation in response to phosphorous stress in rice (Oryza sativa; Secco et al., 2015) . A limited number of loci (n = 175) exhibit altered methylation in plants grown in low-phosphorous stress conditions (Secco et al., 2015) . Many of these are due to increases in CHH methylation at TEs located near genes that are upregulated under low phosphorous. By assessing the timing of transcriptional and methylation changes under stress and recovery conditions, the authors provided evidence that CHH methylation is targeted to these regions after gene expression has been increased and often is no longer maintained if the gene expression returns to low levels (Secco et al., 2015) . Interestingly, similar experiments in Arabidopsis found very few changes in DNA methylation, likely due to the lack of TEs located near genes that undergo transcriptional activation under phosphorous stress. This suggests that DNA methylation and possibly other chromatin modifications play important roles in maintaining TE-gene boundaries in plant with complex genomes and that the primary function of these boundaries may be to keep the gene activity from activating the TE.
CHROMATIN DYNAMICS FOLLOWING WGDs
WGD events are expected to result in significant genetic redundancy. Autopolyploid events will result in full doubling of chromosomes along with their TEs and are expected to provide full redundancy. In contrast, allopolyploid fusions will occur when the full genome complement from two related species is brought together. In these examples it is expected that quite similar complements of genes and regulatory networks will be brought together resulting in high levels of redundancy. Over longer periods of time, much of the redundancy generated by WGD is expected to be resolved through loss of function in one of the copies, subfunctionalization of the duplicates, or neofunctionalization of one gene. Temporal aspects of chromatin dynamics in WGD events worth considering are the perturbation of chromatin and regulatory mechanisms immediately following a WGD event and the role of chromatin in the longer-term loss of function or subfunctionalization of duplicate genes.
Chromatin Perturbation by WGD in Early Generations
Newly formed allopolyploids often exhibit a number of changes relative to the parental lines including genomic sequence changes, gene expression changes, and altered chromatin (reviewed in Song and Chen, 2015) . Numerous studies have found evidence for altered DNA methylation patterns in newly synthesized allopolyploids (Lee and Chen, 2001; Shaked et al., 2001; Kashkush et al., 2002; Madlung et al., 2002; Lukens et al., 2006; Gaeta et al., 2007; Parisod et al., 2009; Xu et al., 2009; Yaakov and Kashkush, 2012; Madlung and Wendel, 2013) . In some of these studies, the authors focused on assessing the DNA methylation levels for genes with altered expression, and it is difficult to ascertain whether the altered DNA methylation levels are a cause or an effect of the gene expression change. In other cases, studies have focused on changes at transposable elements in newly synthesized polyploids, including changes in DNA methylation, transcription, and transposition (Kashkush et al., 2003; Madlung et al., 2005; Parisod et al., 2009) . Studies of transgene expression in diploid and autotetraploid Arabidopsis plants provide evidence for unexpected epigenetic shifts in autopolyploids as well (Mittelsten Scheid et al., 2003; Baubec et al., 2010) .
The reactivation of TEs in new polyploids may provide a clue for many of the alterations of gene expression observed in polyploids. A number of studies have found that transposons can be activated in newly formed polyploids (Kashkush et al., 2002 (Kashkush et al., , 2003 Madlung et al., 2005) . There is evidence for novel or reduced expression of small interfering RNAs (siRNA) in some of these newly formed polyploids as well (Ha et al., 2009; Kenan-Eichler et al., 2011; Ghani et al., 2014; Li et al., 2014; Shen et al., 2014) . There are several possible explanations for the presence of novel small RNAs in polyploids (Figure 3) . One simple explanation could be that the two parental genomes are expected to have accumulated small RNA pools to allow for recognition and silencing of their unique TE complement. However, when these two genomes are brought together, they may either trigger aberrant novel silencing patterns or they may fail to generate the full small RNA complement. This raises the question, why would the early generations of polyploids not simply contain the full siRNA complement of both parents? Recent findings in Arabidopsis suggest that accessory cells in the male and female gametophytes may play very important roles in generating siRNA pools and reinforcing silencing of TEs (Slotkin et al., 2009; Ibarra et al., 2012; Kawashima and Berger, 2014) . Studies also suggest that some small RNAs are maternally inherited/expressed (Brennecke et al., 2008; Mosher et al., 2009) , which could potentially contribute to directional genome changes observed in polyploids (Song et al., 1995) , and the observation that successful generation of an allopolyploid can only be achieved with one species as maternal parent (Comai et al., 2000) . The initial formation of a polyploid will have siRNA pools differing from both parents, and there are some examples in which there are differences in silencing of TEs in newly synthesized polyploids based on the direction of the cross (Parisod et al., 2009 ). In addition to this potential for parent-of-origin requirement for proper inheritance of siRNAs, there is also evidence that F1 hybrids within plant species have unexpected inheritance of small RNAs (Groszmann et al., 2011; Barber et al., 2012; Li et al., 2012) . The hybridization of two species may have even more drastic consequence for the level of expression of small RNAs, which could perturb epigenetic regulation. These observations of perturbations in the small RNA content and in DNA methylation patterns in wide crosses within species have led to the suggestion that hybrid vigor in the F1 and inbreeding depression in subsequent generations could involve alterations to small RNAs and chromatin (He et al., 2010 Groszmann et al., 2011; Barber et al., 2012; Chodavarapu et al., 2012; Greaves et al., 2012; Shen et al., 2012; Li et al., 2012 Li et al., , 2015b .
The alterations in chromatin state at TEs could affect expression of numerous genes (Kashkush et al., 2003) . Many of the parental species of polyploids contain complex genome organizations with interspersed TEs and genes. As discussed above, altering the chromatin state at TEs could result in expression changes at nearby genes. In these cases, a large set of gene expression changes observed in new polyploids would be the result of local chromatin changes at nearby TEs, and the ability to protect genic chromatin from spreading of nearby TEs chromatin would stabilize the polyploidy event. An intriguing aspect of this model is that the local chromatin states could show some instability, which could provide abundant opportunities for variation and selection of gene expression states of many genes in newly synthesized polyploids.
Chromatin-Based Long-Term Contributions to Regulatory Diversity of Duplicate Genes
Beyond the early stages of polyploids, chromatin modifications are also expected to play important roles in shaping the eventual genome and transcriptome of stabilized polyploids. Many plant genomes contain evidence of multiple WGD events (Adams and Wendel, 2005; Schmutz et al., 2010) that are supported by colinearity of retained paralogs within a genome, but there is also strong evidence for fractionation . Fractionation describes the loss of one member of a duplicate pair such that two subgenomes arising from a WGD event will retain some pairs of duplicate genes but in many other cases there will only be a single gene retained. In some cases, there is evidence of subgenome dominance such that one of the two subgenomes is more fractionated resulting in a higher degree of gene loss (Thomas et al., 2006; Woodhouse et al., 2010; Wang et al., 2011) . Ancient WGD events tend to retain relatively few pairs of duplicate genes, while more recent WGD events will often have many examples of retained duplicate pairs. The evolutionary fate of duplicate genes (Prince and Pickett, 2002; Conant and Wolfe, 2008) likely involves gene balance, nonfunctionalization through silencing or Two parental species with varying TE content and homologous siRNA populations are diagrammed. These are brought together in the same nucleus in the allopolyploid, and in this case we diagram novel (pink) or reduced/loss of (blue) siRNA levels for specific TEs. This could lead to altered chromatin at the TEs as well as increases or decreases in the expression of adjacent changes. fractionation (if they continue to have redundant function), subfunctionalization, or neofunctionalization. Chromatin modifications may play important roles in genome dominance and generation of diversity among retained duplicates in crop genomes.
As researchers have utilized complete genome sequences and high-quality transcriptomes that allow resolution of duplicate gene pairs, it has become clear that many allopolyploids exhibit genome dominance such that one of the two subgenomes plays a greater functional role than the other (Thomas et al., 2006; Flagel and Wendel, 2010; Woodhouse et al., 2010 Woodhouse et al., , 2014 Wang et al., 2011; Freeling et al., 2012) . This was initially observed through the analysis of the retention of genes in the two subgenomes, but subsequent work has found evidence for preferential transcription and functional impact of genes in one subgenome . While subgenome dominance has been observed in many plant polyploids, the underlying mechanisms are not understood (Freeling et al., 2012) . One suggestion is that chromatin modifications could differentiate the two subgenomes. While there are many examples of genes with differences in DNA methylation or histone modifications between the two subgenomes of maize, the meta-profile of DNA methylation or H3K27me3 for maize genes in subgenomes 1 and 2 does not find global differences that would explain the dominance of subgenome 1 (Eichten et al., 2011; Makarevitch et al., 2013; West et al., 2014) . This suggests that while the genic portion of the two subgenomes is affected by genome dominance, it may not be the direct target. Instead, there is growing evidence that differences in TE content and chromatin may provide the differentiation between the subgenomes. A recent analysis of subgenome dominance in Brassica rapa found differences in 24-nucleotide small RNA coverage of transposons located near genes in the two subgenomes (Woodhouse et al., 2014) . Woodhouse et al. (2014) suggest that subgenome dominance may arise from differences in TE silencing trade-offs in the two parental genomes. It seems that chromatin modifications and siRNAs may play an important role in genome dominance that is observed in polyploids, but these effects may be mediated by flanking sequences rather than chromatin differences within the coding regions of genes.
Despite the process of fractionation, many crop genomes are replete with examples of retained gene duplicates. In many cases, these duplicates genes could have redundant function and the process of fractionation may still be occurring . In other cases, these duplicate pairs may have undergone subfunctionalization or neofunctionalization. These processes could involve alterations to the function of the gene product or changes in the expression pattern (Blanc and Wolfe, 2004) . In the context of this Review, we are interested in the potential contributions of chromatin modifications to divergence in expression of the duplicate gene pairs. While it is possible that gene expression patterns had already diverged in the two parents of a polyploid, it is likely that most duplicate gene pairs had similar expression patterns prior to the polyploid fusion event. The analysis of expression levels for retained duplicates in extant crop species finds widespread divergence in expression of the homoeologs (Pont et al., 2011; Roulin et al., 2013; Schmitz et al., 2013; Woodhouse et al., 2014) . A recent investigation found that 98% of retained duplicate pairs in maize have subfunctionalized tissue-specific expression patterns or have diverged consistently in expression level (Pophaly and Tellier, 2015) . Soybean (Glycine max) provides a good system for studying the divergence of expression following a recent (;13 million years ago) WGD event (Lin et al., 2010; Schmutz et al., 2010; Roulin et al., 2013) . The analysis of gene expression in seven tissues suggests that approximately half of the retained duplicates from the recent WGD event exhibit divergent expression patterns while the others have similar expression (Roulin et al., 2013) . The factors driving the divergence of expression for the retained duplicates are largely unknown. Analysis of the soybean methylome reveals that many duplicates have similar levels of DNA methylation, but ;6% of the pairs have divergent non-CG methylation levels that are associated with altered expression . Many of the methylation differences in the duplicate soybean genes can be attributed to transposon insertions that are present in one member of the pair Kim et al., 2015) . These studies along with data from specific wheat (Triticum aestivum) loci (Shitsukawa et al., 2007; Hu et al., 2013; Zhang et al., 2015) and maize (West et al., 2014) suggest that DNA methylation does not play a major global role in differentiating subgenomes, but it can contribute to locus-specific divergence of retained duplicates.
While the majority of this section has focused on the potential role for chromatin and small RNAs in gene regulation following WGD events, there is also a likely role for chromatin in the regulation of smaller duplication events. Gene duplication can occur via unequal crossing-over or transposition and has been classified into different types based on duplication mode . It was further shown that duplicated genes arising from different modes have distinct patterns in gene body DNA methylation (Y. . Gene copies that are located in nonsyntenic genomic positions relative to other species often have significantly elevated levels of DNA methylation in maize (Eichten et al., 2011; West et al., 2014) . It is not known whether this is due to many of these "genes" being transposons or due to the plant host recognizing these insertions as transposons and targeting silencing chromatin modifications. Tandemly duplicated genes arising from unequal crossover can also exhibit substantial epigenetic diversity. The large family of F-box proteins in Arabidopsis provides evidence for diversity of chromatin states within complex loci containing these genes (Hua et al., 2013) .
CONCLUSION
Chromatin modifications play important roles in many plant processes. While chromatin states are a critical part of transcriptional responses during development (reviewed in He et al., 2011; Holec and Berger, 2012; Grimanelli and Roudier, 2013; Pikaard and Mittelsten Scheid, 2014; Xiao and Wagner, 2015) or in response to the environment (reviewed in Baulcombe and Dean, 2014; Bond and Baulcombe, 2014; Pikaard and Mittelsten Scheid, 2014; Probst and Mittelsten Scheid, 2015; Vriet et al., 2015) , they also play critical roles in creating order in the genome, allowing for the maintenance of proper transcription and genome stability in the face of varying TE landscapes and polyploid changes. We suggest that diverse plant species have evolved variations in the specific mechanisms of chromatin regulation that have allowed them to survive the repeated transposon bursts or polyploidy fusions. Understanding the diversity of chromatin regulation details in plants with complex genomes will be critical to understanding how to engineer traits in crop plants. We also suggest that chromatin-based regulation will play critical roles in creating diversity within many crop species. Transcriptional variation of different alleles due to the chromatin modifications of nearby TEs is likely to result in allelic or epiallelic diversity. The perturbation of chromatin following polyploidy fusion events may also create ample opportunity for selection to act upon chromatin and identify optimal new epialleles. Increasing our understanding of the sources of chromatin diversity is likely to improve our ability to select or engineer ideal crop varieties and to stabilize the performance in these lines. 
